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Background: Amyloid Precursor Protein (APP) and ADAM10, main α-secretase involved in generation of secreted APP (sAPPα), are overexpressed in pancreatic cancer. Results: Inhibition of APP processing by ADMA10 prevents anchorage independent growth and survival of cancer cells. Conclusion: Inhibition of sAPPα generation enhances chemotherapeutic potential of gemcitabine.
Significance:
Supplementing established pancreatic cancer therapy regimen with sAPPα inhibition will significantly improve the efficacy of treatment. gemcitabine, is the prescribed standard drug for disease management despite the dismal survival rates (3, 4) . Several other compounds such as 5-FU, Irinotecan and premetrexed were tested as potential chemotherapeutic agents but they did not increase the overall survival of patients as compared to treatment with gemcitabine alone (5) (6) (7) (8) . Therefore, much of the focus in the field of pancreatic cancer research involves identification of new molecular targets for development of more effective drugs and drug combinations.
SUMMARY
Recent studies have shown that the transmembrane protein, amyloid precursor protein (APP), is overexpressed in pancreatic cancer (9, 10) . APP is the major protein implicated in the pathogenesis of Alzheimer's disease (AD) mainly due to the deposition of plaque-forming amyloid beta (Aβ) oligomers (11, 12) . APP is cleaved by secretases to produce fragments with different biological functions (13) (Fig. 1A) . Proteolysis can follow the amyloidogenic or non-amyloidogenic pathway based on the secretases that cleave APP. The amyloidogenic pathway involves sequential cleavage of APP by β-secretase, BACE, and γ-secretase to generate secreted APPβ (sAPPβ), pathogenic Aβ and intracellular APP domain, AICD (14, 15) . In the non-amyloidogenic pathway, no Aβ is formed. Instead, APP is cleaved by α-secretase and γ-secretase to produce secreted APPα (sAPPα), the P3 fragment and AICD (16) . These two pathways are mutually exclusive and it has been suggested that cleavage of APP by α-secretase, ADAM10 (a disintegrin and metalloprotease domain 10), may downregulate Aβ generation and have beneficial effects on AD pathology (Fig. 1A) (17) .
Although ADAM17, another member of the ADAM family of proteases, has been shown to cleave APP to generate sAPPα, studies have shown that ADAM10 is the most physiologically relevant α-secretase that constitutively cleaves APP at this particular site (16, (18) (19) (20) . In addition to APP, ADAM10 has been shown to cleave other substrates such as Notch, cadherins, beta-catenin, etc (21) (22) (23) . Several studies have indicated that upregulation of ADAM10 might be beneficial in AD pathology, not only because preferential cleavage of APP by ADAM10 inhibits the amyloidogenic proteolysis of APP and Aβ generation, but also because the sAPPα fragment has antiapoptotic and neuroprotective effect on cells such that it can counter the degenerative effects mediated by Aβ (24, 25) . In the case of cancer, however, molecules that promote proliferation and growth are undesirable and therapy involves the downregulation of the levels or activity of such molecules. ADAM10 has been found to be upregulated in pancreatic cancer and shown to promote migration and invasion of cancer cells (26) . In addition, studies in epithelial cells have shown that secreted APP at nanomolar concentrations enhances cell proliferation and migration (27) . Based on these findings, we hypothesize that ADAM10-mediated generation of sAPPα may enhance growth and proliferation of pancreatic cancer cells.
Here we used different pancreatic cancer cell lines and examined the effect of inhibition of sAPPα generation on cancer cell proliferation and growth. Results presented here show that, as compared to an MMP inhibitor GM6001, compounds such as batimastat and GI254023X, which are more specific inhibitors of ADAM10, robustly inhibit cancer cell survival. At low concentrations, these drugs not only abolish generation of sAPPα but also inhibit anchorage independent growth and cell proliferation in pancreatic cancer cells. This inhibitory effect is enhanced when ADAM10 inhibition is combined with gemcitabine treatment. These results indicate an important role of APP in promoting growth of pancreatic ductal adenocarcinomas (PDACs) and suggest that inhibitors of sAPPα generation may increase the efficacy of the current therapies used for treating pancreatic cancer.
EXPERIMENTAL PROCEDURES
Cell lines-Pancreatic cancer cell lines CD18, MiaPaCa2, AsPC1 and Panc1 as well as normal pancreatic cell line, HPDE6E7, were either kindly provided by Dr. Srikumar Chellappan (Moffitt Cancer Research Center, Tampa, FL) or obtained from ATCC. These cell lines were maintained in either DMEM (GIBCO, catalog # 10569) supplemented with 10% fetal bovine serum (Atlanta Biologicals, catalog # S11050) and 1% penicillin-streptomycin or in the case of HPDE6E7 (normal immortalized pancreatic cell line), in Keratinocyte Serum Free Media (GIBCO, catalog # 10724-011) supplemented with bovine pituitary extract and recombinant epidermal growth factor. Phoenix cells were kindly gifted by Dr. Nicholas Woods (Monteiro Lab, Moffitt Cancer Research Center, Tampa, FL) and maintained in DMEM with FBS and antibiotics Plasmids, Reagents and Transfections-Cterminal myc-tagged ADAM10 in pRK5M vector was obtained from Derynck lab (Addgene). Untagged ADAM10 in pCDNA3 was kindly provided by Paul Saftig (Biochemisches Institut, Germany). Batimastat was purchased from Tocris Biosciences (catalog # 2961) and dissolved in DMSO at a stock concentration of 10mM. Gemcitabine was kindly gifted by Dr. Srikumar Chellapan (Moffitt Cancer Center, Tampa, FL) and dissolved in DMSO at a stock concentration of 4.15 mg/ml. GM6001 was purchased from Enzo Life sciences (catalog # BML-EI300) and reconstituted in DMSO at a stock concentration of 25mM. GI254023X was purchased from Okeanos Tech. CO, China and reconstituted in DMSO at a stock concentration of 20mM. Recombinant secreted APP (sAPPα) was purchased from SIGMA (catalog # S9564). Control siRNA, APP siRNA as well as ADAM10 siRNA (sc-37007, sc-29677 and sc-41410, respectively) were purchased from Santa Cruz Biotechnology. ADAM17 siRNA was purchased from Dharmacon, siGENOME SMARTPOOL (catalog# M-003453). Transfection Reagent for siRNA transfection was also purchased from Santa Cruz Biotechnology (sc-29528).
For knockdown of APP, ADAM10 or ADAM17, siRNA to the respective mRNA were transfected into cells using protocol described by the manufacturer (Santa Cruz Biotechnology). Briefly, cells were plated to 70% confluency in 24 well dishes. In a sterile tube, desired concentration of control or target siRNA was diluted in 25µl OPTIMEM. In a separate tube, 2.5µl transfection reagent was diluted in 25µl OPTIMEM. The contents of the two tubes were mixed together and incubated at room temperature for 15-45 minutes. Then, 150µl OPTIMEM was added to the mixture and overlayed on washed cells and incubated at 37°C for 6h. At the end of 6h, equal volume of OPTIMEM containing 2X concentration of FBS was added to the cells and incubated overnight. Next day, the media was replaced with fresh regular medium containing 10% FBS and antibiotics. Cells were further incubated for 24 to 48h and collected for analysis.
For overexpression of proteins, transfections were performed using Calcium Phosphate transfection method. Cells were grown to 90% confluency in a 10cm dish 24h before transfection. Appropriate plasmids were mixed in 400µl water and added to 70µl 2.5 M calcium chloride. The entire mixture was added drop-wise with bubbling to 500µl of 2X HEPES Buffered Saline (16.4g NaCl, 11.9g HEPES acid, 0.21g Na 2 HPO 4 in 1 liter of water and pH adjusted to 7.05) and the resulting ~1ml solution was added gently to the media of the cells and incubated overnight. Next day, the media was aspirated and replaced with fresh media and cells were incubated further for 24h. At the end of this period, efficiency of transfection was determined by probing the cell lysates for protein expression of the transfected plasmids.
Western Blotting and Antibodies-Cells were scraped in tissue culture supernatant and the entire contents were transferred from the plate into tubes and centrifuged at 4°C for 5 minutes @600g. 100µl of the supernatant was boiled with Laemmeli Buffer for 5 minutes. Cell pellet was washed once with PBS followed by lysis in 1X RIPA buffer (150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 100mM Tris, pH 8.0) containing protease inhibitor cocktail (Roche, catalog #04693124001), 1mM sodium fluoride, 1mM sodium orthovanadate and 1mM PMSF. Protein estimation was performed against a BSA standard using the Coomassie PlusBradford Assay Reagent (Thermo Scientific, catalog #23238). 20µg protein was loaded on a 12% SDS-PAGE gel and transferred to a PVDF membrane (Millipore, catalog # IPVH00010). Blots were blocked in 5% milk in TBST (TBS, 0.05% tween 20) for 1h and incubated overnight at 4°C in Primary antibody diluted in blocking solution. The blots were then washed 3 times with PBST (PBS, 0.05% tween-20) for 10 minutes each and incubated in secondary antibody at room temperature for 2h with gentle shaking. Subsequently, the blots were washed 5 times, 6 minutes each with PBST. Protein detection was achieved using Supersignal West Pico Luminol reagent (Thermo Scientific, catalog # 1856136). Primary antibodies used were rabbit polyclonal ADAM 10 from Millipore (catalog # AB19026) at a dilution of 1:1000, 6E10 for APP from Covance (catalog # 39320) at a dilution of 1:1000, Actin Secreted APP promotes pancreatic cancer cell survival 4 from Sigma (catalog # A5316) at a dilution of 1:10,000, PARP antibody from Millipore (catalog # AB16661) at a dilution of 1:1000, ADAM17 antibody from Abcam (catalog # 2051) at a dilution of 1:3000, Na/K ATPase antibody from Santa Cruz (catalog # 21712) at a dilution of 1:1500 and anti-myc antibody from Millipore (catalog # 05-724) at a dilution of 1:1000. Secondary antibodies were purchased from Thermo Scientific, Immunopure Donkey antiRabbit IgG-HRP (catalog # 31458) at 1:5000 dilution and Immunopure Goat anti-mouse IgG-HRP (catalog # 31430) at 1:5000 dilution.
Cell toxicity Assay-Thiazoyl Blue Tetrazolium Bromide (MTT) (Sigma, catalog # M2128) was used for the cytotoxicity assay. 10,000 cells were plated per well in a 24-well plate and allowed to attach overnight. The next day, 400µl complete medium containing 5µM batimastat, 5µM GI254023X, 100ng/ml gemcitabine, 25µM GM6001 or combinations of the drugs were added to the cells and incubated at 37°C for 24h. At the end of this period, MTT at a concentration of 1mg/ml in complete media was added to the wells and incubated for an additional 3h. Purple formazan crystals formed in viable cells were solubilized in isopropanol containing 4mM hydrochloric acid and 0.1% NP-40 with vigorous shaking at room temperature for 20 minutes. OD was measured at 540nm to compare the intensity of color between control and drug treated cells. Higher OD reflects more viable cells and less cell death. Each treatment was done in quadruplicates and each experiment was performed at least thrice.
Colony formation Assay-To determine the effect of drugs on anchorage independent growth of cells, soft agar assays were performed. A 3% sterile agar solution was mixed with complete media at 45°C to obtain a final concentration of 0.6%. 2ml of this mixture was introduced in each well of a 12-well plate, which formed the base layer. For the top layer, 5,000 cells along with the appropriate drug concentrations were mixed with the 3% agar solution to obtain a final concentration of 0.3% agar and layered over the base layer in each well. Thus seeded, these cells will have the opportunity to grow and form colonies in the top layer of the soft agar. The wells were re-fed with drug containing media once a week to prevent drying and at the end of 2.5 weeks, the colonies were visualized by staining with MTT at a final concentration of 1mg/ml for 5h at 37°C. Each treatment was performed in triplicates and repeated at least three times.
Zymography for analysis of MMP activity-Gelatin Zymogram gels (10%) were purchased from Novex Life Technologies (catalog # EC61755BOX). 7µl media (supernatant) from control or treated cells were incubated with 2X Sample Buffer (125mM Tris-Cl, pH 8.0, 20% glycerol, 4% SDS, 0.05% Bromophenol Blue) at room temperature for 10 minutes and loaded on the gels. Tris-glycine running buffer was used to run the gels at a constant voltage of 125V until the tracking dye reached the bottom of the gel. The gel was incubated in renaturing buffer (2.5% Triton X-100) for 30 minutes at room temperature with shaking. This was followed by equilibration of gel in developing buffer (50mM Tris-Cl, pH 7.5, 0.2M NaCl, 5mM CaCl2, 0.02% Brij-35) for 30 minutes at room temperature with gentle shaking. After equilibration, the developing buffer was decanted and replaced with fresh developing buffer and incubated at 37°C overnight. Next day, the gel was stained with Coomassie Blue R-250 (0.5% Coomaise Blue R-250, 20% Methanol and 10% Acetic acid) for 30 minutes at room temperature. Gels were destained with destaining solution (50% Methanol, 10% Acetic Acid) and clear bands of MMP activity were observed against the blue background.
Cell Surface Protein Isolation-To determine membrane association of ADAM10 and APP, cell surface protein isolation was performed using the Pierce Cell Surface Protein Isolation Kit following the manufacturer's protocol (Thermo Scientific, catalog # 89881). Briefly, drug treated and untreated cells were washed and incubated with Sulfo-NHS-SS-Biotin solution for 30 minutes at 4ºC to biotinylate cell surface proteins followed by addition of quencher to quench the reaction. Cells were harvested and lysed in Lysis Buffer with protease inhibitors. Cell lysate was centrifuged at 10,000 x g for 10 minutes at 4ºC and clarified supernatant was collected. The supernatant was incubated with NeutrAvidin Agarose beads for 1h at room temperature. This was followed by several washes of the beads with Wash Buffer supplied with the kit. At the end of the washes, biotinylated proteins bound to the NeutrAvidin beads were eluted by incubating the beads with SDS-PAGE sample buffer containing DTT for 1h at room temperature. Eluted proteins were resolved on an SDS-PAGE gel and APP and ADAM10 were detected by western blot using appropriate antibody.
Deglycosylation Analysis-In order to determine the glycosylation status of ADAM10 in batimastat treated cells, we performed experiments using a deglycosylation kit (part # 9PIV493) from Promega by following manufacturer's protocol. The kit contains a mix of deglycosidases capable of removing both N and O-linked glycans from proteins. Briefly, Phoenix cells were transfected with myc-ADAM10 and 48hr after transfection cells were treated with or without batimastat (5µM) for 24hr and lysates were prepared in RIPA buffer. Samples were also prepared from MiaPaCa2 cells treated with or without 5µM batimastat. 40µg protein from each sample was mixed with 10X Denaturing solution to a final volume of 20µl and the mixture was boiled at 95ºC for 10 minutes. Samples were then incubated on ice for 5 minutes followed by addition of 10% NP-40, deglycosylation reaction buffer and the Protein deglycosylation mix (PNGaseF, OGlycosidase, Neuraminidase, β1-4 Galactosidase, β-N-Acetylglucosaminidase). Deglycosylation was carried out at 37ºC for 18h and the control as well as deglycosylated samples were analyzed by western blot using C-terminal ADAM10 antibody.
RESULTS
Pancreatic cancer cells express high levels of APP and ADAM10-Pancreatic cancer cell lines CD18, MiaPaCa2, AsPC1 and Panc1 were compared to non-cancerous, immortalized HPDE6E7 pancreatic epithelial cells for APP and ADAM10 levels by western blotting and it was found that most pancreatic cancer cells express higher levels of APP and ADAM10. These cells also showed higher levels of secreted APP, sAPPα, as compared to the normal HPDE6E7 (Fig. 1B) . These findings are in agreement with previous reports (9, 26) . This suggests an association of increased levels of APP and ADAM10 with pancreatic cancer. Treatment of cells with the ADAM10 inhibitor, batimastat, at 5µM concentration inhibited the generation of sAPPα significantly (Fig. 1B, Panel 2) . In addition, ADAM10 blots showed an increase in the levels of a band around ~80kDa upon treatment with batimastat (Fig. 1B, Panel 3 ), which appears to be an alternative form of ADAM10. In an attempt to characterize the properties of the different pancreatic cancer cells, we analyzed them for EMT (Epithelial Mesenchymal Markers) such as E-cadherin and vimentin (Fig. 1C) .
This predicts that MiaPaCa2 and Panc1 cells will likely be more resistant to chemotherapy and more aggressive in their growth and proliferation properties as compared to CD18. AsPC1 seemed to express high levels of E-cadherin and low levels of vimentin, which suggests that it is mostly epithelial but has some degree of mesenchymal property.
Batimastat inhibits ADAM10 and downregulates sAPPα generation-In order to confirm that batimastat is a better drug of choice for inhibition of ADAM10-mediated sAPPα generation, MiaPaCa2 and Panc1 cells were treated with 5µM batimastat or with a general MMP inhibitor, GM6001, at 25µM concentration for 24h. Both cells and media (supernatant) were collected for western blot analysis. Treatment with batimastat showed a more effective inhibition of sAPPα in the tissue culture supernatant as compared to GM6001 thereby indicating the specificity of batimastat against ADAM10 ( Fig.  2A, top panel) . Supernatants of MiaPaCa2 cells treated with either 5µM batimastat or 25µM GM6001 were analyzed using a gelatin zymogram to examine the activation of matrix metalloproteases. Batimastat did not inhibit the cleavage and formation of mature MMPs as effectively as GM6001 as a result of which the pro-MMP form at 92kDa (Fig. 2B) is clearly visible in GM6001 treated cells and not in batimastat treated cells. This suggests that batimastat has very little effect on other MMPs. Cell lysates from the corresponding samples probed with anti-actin antibody served as the loading control for the zymography data (lower panel, Fig. 2B ). Additionally, GI254023X, which is a more specific inhibitor of ADAM10 (28) , was used to treat MiaPaCa2 cells and its effect was compared with that of batimastat on these cells (Fig. 2C) . Western blot analysis clearly indicates that the two drugs are equally effective in inhibiting the generation of sAPPα and promoting the formation of the ~80kDa ADAM10 form. Moreover, neither of the two drugs showed an effect on ADAM17 cleavage or levels, thereby suggesting that both drugs are specific inhibitors of ADAM10. Due to limited availability of the GI254023X compound, majority of our experiments were performed with batimastat for the purpose of inhibiting sAPPα.
Upon analysis of the blots with an ADAM10 antibody, we noticed a slight increase in a band around ~80 kDa with a corresponding decrease in a band around ~60 kDa (Fig. 2D) in lysates from cells treated with batimastat. Such an effect was also observed in cells treated with GI254023X (Fig. 2C, panel 2 ) but was not so evident with GM6001 treatment (Fig. 2A , panels 2 and 3). Based on published reports (29, 30) , the proenzyme form of ADAM10 migrates at ~100kDa on a SDS-PAGE gel and the metabolically active form at ~60kDa. Treatment with batimastat showed an increase in the levels of an ~80kDa form of ADAM10, which was associated with a decrease in sAPPα generation (Fig. 2D, top and middle panels) . In addition to the ~100kDa and ~60 kDa forms of ADAM10, an ~85 kDa form of ADAM10, which is nonenzymatically active (31), has been reported. Thus, we believe that the ~80kDa fragment we observed in our studies could represent a nonenzymatically active form of ADAM10. The increase in ~80 kDa ADAM10 fragment or decrease in sAPPα generation was not visible in either untreated or gemcitabine treated cells (Fig.  2D) , confirming that the observed effect is specific to batimastat treatment. To study the batimastatassociated changes in ADAM10, Phoenix cells transfected with untagged or myc-tagged ADAM10 plasmid (myc tag at C-terminal) were treated with or without batimastat for 18h and blotted with ADAM10 antibody. Upon treatment of cells with batimastat, we observed an increase in the ~80kDa band and a decrease in the ~60kDa band as compared to untreated cells (Fig. 2E , panels 1 and 2). These two bands were recognized by the myc antibody (myc-tag at C-terminal end of ADAM10), which confirms that these are different forms of ADAM10 and contain the C-terminal end (Fig. 2E, panel 4) . This also suggests that these fragments might be derived from the N-terminal cleavage of the proform. Increase in the levels of the ~80kDa band correlated with decrease in sAPPα generation (quantified and normalized to actin) (Fig. 2E panel 5 and Fig. 2F ). It was also noted, on several blots, that the ~60kDa active form of ADAM10 was visible at low levels or in some cases, undetectable, which suggests that this fragment might be short-lived or undergoing rapid turnover. Increase in level of the ~80kDa band could be attributed to the decreased generation of active form of ADAM10 (~60 kDa, Fig. 2E , panels 1, 2 and 4) brought about by batimastat treatment. It is possible that the ~80kDa form of ADAM10 is an intermediate cleavage product generated during maturation, and treatment with batimastat prevents further processing of this intermediate to generate the mature, active form of ADAM10. Since ADAM10 is a glycosylated protein, in order to determine whether the ~80 kDa band is generated by deglycosylation we performed deglycosylation experiments using MiaPaCa2 cells and myc-ADAM10 transfected Phoenix cells, after treatment with or without batimastat. Results showed that all the three bands detected by ADAM10 (100, ~80 and 60 kDa) are glycosylated and deglycosylation downshifts the molecular weights of each form of ADAM10 on an SDS-PAGE gel (Fig. 2G) . Further, the deglycosylated proform of ADAM10 still migrated at a higher molecular weight than the ~80 kDa form thus confirming that the ~80 kDa fragment is not a deglysolyated form of the 100 kDa proform. In order to determine whether batimastat affects membrane localization of ADAM10, we used a biotinylation based cell surface protein isolation and analysis protocol (described in Materials and Methods). Phoenix cells were used for this experiment due to their superior transfection ability. pcDNA3 or myc-ADAM10 transfected cells were treated with or without batimastat for 18h. Cells were labeled, harvested and processed following kit directions and the cell surface proteins were resolved on SDS-PAGE. Blotting with anti-myc antibody clearly showed an increase in the ~80kDa band in myc-transfected, batimastat treated cells as compared to myc-transfected, untreated cells (Fig.  2I, panels 1 and 2 ). For control, the same blot was probed for a cell surface protein, Na/K ATPase (Fig. 2I, panel 3) . Additionally, we probed the samples with 6E10 antibody to detect APP (Fig.  2I, panel 4) and found that membrane associated APP levels were increased in response to batimastat treatment which is to be expected since APP cleavage is reduced upon inhibition of ADAM10 function. To ensure ADAM10 expression in the transfected cells, a small amount of cell lysate collected prior to incubation with NeutrAvidin Agarose was resolved on SDS-PAGE and blotted with ADAM10 antibody (Fig. 2H) . Actin was used as loading control. These results suggest that batimastat induces the formation of a membrane localized, non-enzymatically active form of ADAM10 with a corresponding decrease in the formation of the mature ADAM10 fragment. Further, to confirm that the 100, ~80 and 60 kDa bands are derivatives of ADAM10, we knockdown ADAM10 in MiaPaCa2 cells, performed cell surface protein biotinylation and isolation of membrane proteins and examined the ADAM10 levels by western blot. Results showed that ADAM10 siRNA transfected cells showed knockdown of all the three forms compared to the siRNA control transfected cells confirming that the three observed bands are indeed different forms of ADAM10 (Fig. 2J) . Reprobe of the blot with a Na/K ATPase antibody was used as loading control (Fig. 2J lower panel) .
Downregulation of sAPPα by ADAM10 inhibition promotes pancreatic cancer cell death-CD18 and MiaPaCa2 cells were treated with different doses of batimastat (from 1.25µM to 5µM) and cell death was analyzed by cytotoxicity assay using MTT (data not shown). From the range of concentrations tested, it was found that 5µM batimastat was most effective in causing cell death in CD18 cells when combined with 100ng/ml gemcitabine as compared to either drug alone. The effect of these drugs was noted over a period of 24 hours (Fig. 3A) and the same trend in cell death was observed at 48h (data not shown). A similar effect was also observed in MiaPaCa2 cells (Fig. 3B) . Moreover, the effect of the MMP inhibitor, GM6001, was not as dramatic as batimastat in this cell death assay (Fig. 3C ) thereby confirming the specificity of batimastat for ADAM10.
Additionally, GI254023X was compared to batimastat in a cytotoxicity assay and found to be equally effective in causing pancreatic cancer cell death as batimastat (Fig. 3D and 3E ).
To determine whether the observed cell death was a result of apoptosis, CD18 and MiaPaCa2 cells treated with batimastat, gemcitabine, or both, were analyzed for cleaved PARP levels. Western blot analysis revealed PARP cleavage upon treatment with either drug and increased cleavage when treated with a combination of the drugs (Fig. 3F  and 3G ). This indicates that apoptosis is likely the major mechanism by which these drugs cause cytotoxicity in cancer cells.
Down regulation of APP or ADAM10, but not ADAM17, increases the sensitivity of pancreatic cancer cells to gemcitabine-APP and ADAM10 gene expression was transiently knocked down in CD18 and MiaPaCa2 cells using siRNA as described in the Materials and Methods section. The extent of knockdown was confirmed by western blotting using APP (6E10) and ADAM10 antibodies (Fig. 4A and 4B ). 10,000 CD18 and MiaPaCa2 cells were plated in 24-well plates and transfected with control or target siRNA and cell death was analyzed using MTT reagent. The results showed that the cytotoxicity caused by APP or ADAM10 siRNA was comparable to that of treatment with 5µM batimastat (Fig. 4C and  4D) . In order to confirm that batimastat-induced cytotoxicity of pancreatic cancer cells is brought about via inhibition of ADAM10-mediated sAPPα generation, we performed the cytotoxicity assay with CD 18 and MiaPaCa2 cells (Fig. 4E and 4F ) in the presence of recombinant sAPPα. Control and batimastat treated cells were incubated with 100nM purified sAPPα for a period of 24h. The effect of in vitro supplemented recombinant sAPPα protein on the cells was determined using MTT reagent. It was observed that treatment of cells with recombinant sAPPα was able to overcome the inhibitory effect of batimastat significantly thereby confirming our findings that inhibition of pancreatic cell proliferation is a result of inhibiting sAPPα generation from APP.
We also tested the effect of ADAM17 knockdown on sAPPα levels in MiaPaCa2 cells. Using different concentrations of siRNA, we were able to downregulate the expression of ADAM17 effectively (Fig. 5A) . However, ADAM17 knockdown did not have an effect on sAPPα levels (Fig. 5A, panel 2) . MiaPaCa2 cells transfected with ADAM17 or ADAM10 siRNA and treated with or without batimastat were used to perform a cytotoxicity assay (Fig. 5B) . While ADAM17 knockdown did not affect cell death unless treated with batimastat, there was no additional cell death in ADAM10 knockdown cells treated with batimastat as compared to untreated ADAM10 knockdown cells. This confirms the specificity of batimastat against ADAM10 as well as suggests that ADAM10-mediated generation of sAPPα is important for pancreatic cancer cell proliferation. Fig. 5C indicates that sAPPα downregulation specifically correlates with ADAM10 knockdown and Fig. 5D indicates the extent of knockdown of ADAM10 and ADAM17 by the respective siRNAs. It is important to note that ADAM10 siRNA inhibits the levels of the ~100kDa full length protein as well as the ~80kDa fragment (Fig. 4F , first panel on left) suggesting that the latter is a cleaved form of ADAM10.
Inhibition of sAPPα negatively affects anchorage independent growth of pancreatic cancer cells-To study the effect of inhibiting sAPPα generation on cell proliferation and colony formation, soft agar assays were performed with CD18, MiaPaCa2 and Panc1 pancreatic cancer cells. This is considered as a more sensitive assay for determination of drug toxicity. The experiment was performed as outlined in the Materials and Methods. 5,000 cells were seeded in soft agar for each treatment, which was performed in triplicates. In all the cell lines tested, fewer colonies were observed in batimastat treated wells but least number of colonies were observed in wells containing a combination of batimastat and gemcitabine thereby suggesting a synergistic inhibitory effect of the two drugs on pancreatic cancer cell proliferation (Fig. 6) . It was also found that compared to CD18 (Fig. 6A , left and right panels), MiaPaCa2 (Fig. 6B ) and Panc1 cells (Fig.  6C ) required higher dosage of batimastat for effective reduction in colony formation probably owing to their mesenchymal phenotype. Since colony formation in soft agar shows anchorage independent growth, and it may have implications in metastasis, the results from these studies suggest that downregulation of sAPPα may reduce the metastatic potential of pancreatic cancer cells.
DISCUSSION
Overexpression of the amyloid precursor protein in pancreatic cancer has been reported in a few studies (9, 10) . It has also been shown that the alpha secretase mediated cleavage of APP generates a fragment that may possess growth promoting qualities (9) . In brain, the function of sAPPα has been thought to be neuroprotective, specifically because its formation provides an alternate pathway of APP processing, which prevents the formation of Aβ peptides that are symptomatic of AD (32-34). Additionally, sAPPα has been shown to have anti-apoptotic and neuroprotective properties (34,35). For that reason, there has been an interest in investigating the role of sAPPα in cancer. In this study, we show that APP cleavage contributes significantly to the proliferation of pancreatic cancer cells and that inhibition of ADAM10 blocks the formation of sAPPα from APP and enhances the sensitivity of cancer cells to gemcitabine. This was confirmed by cytotoxicity assays performed with combination of batimastat and gemcitabine, which showed increased cell death of pancreatic cancer cells as opposed to treatment with either drug alone. In vitro addition of recombinant sAPPα to batimastat-treated cells was able to reverse the inhibitory effects of the compound significantly in a cytotoxicity assay which confirms that sAPPα is indeed involved in proliferation and survival of pancreatic cancer cells.
Both batimastat and GI254023X abolished the generation of the sAPPα fragment to similar extent, suggesting the effectiveness of these compounds on ADAM10 activity. Further investigation unraveled the possible mode of action of batimastat. Our results show that there is increased association of both APP and the ~80kDa fragment of ADAM10 with the membrane upon batimastat treatment of the cells. Regardless of the localization of the ~80 kDa fragment the cells showed an inhibition of sAPPα generation suggesting that this fragment is an inactive form of ADAM10. The effect observed with batimastat was specific to ADAM10 as knockdown of ADAM17 did not affect sAPPα generation or induce cell death in pancreatic cancer cells. These studies therefore confirm that proliferation of the pancreatic cancer cells is specifically influenced by ADAM10-mediated cleavage of APP. In addition to the cytotoxic effect, batimastat-mediated inhibition of sAPPα generation was able to effectively inhibit anchorage independent growth of the pancreatic cancer cells on soft agar. This effect was more pronounced when batimastat was used in conjunction with gemcitabine, the current standard drug for chemotherapy in pancreatic cancer. Since anchorage independent growth is an indicator of the metastatic potential of cancer cells, these results imply that higher levels of sAPPα may contribute to the aggressiveness of tumors. Our studies show that sAPPα inhibition was able to greatly reduce the concentration of gemcitabine required to inhibit cancer cell growth, which suggests that combination therapy that includes inhibitor of sAPPα generation could substantially reduce gemcitabine-associated side effects in pancreatic cancer patients.
While our studies provide a novel concept of APP cleavage inhibition as a potential chemotherapeutic option for management of pancreatic cancer, the mechanism by which sAPPα promotes pancreatic cancer growth is still not known. Some studies have indicated that sAPPα might promote proliferation of non-neuronal cells by modulating transcription factors such as NF kappa B (35) while others have suggested that it might exhibit proliferative qualities in neural progenitor cells and mesenchymal stem cells by regulating the MAP kinase pathway (36). It could also be involved in metastasis as it has been shown that secreted APP promotes proliferation and migration of cells (27) . Whether sAPPα promotes pancreatic cancer growth through similar mechanisms of transcription factor regulation or oncogenic pathway modulation is yet to be determined. It will also be useful to determine whether APP or its metabolites possesses oncogenic functions. These studies will help us fully understand the mechanisms that govern the progression of pancreatic cancer and hopefully provide us with novel methods to effectively combat this disease. Cytotoxic effect of batimastat is brought about by inhibition of sAPPα generation. A) CD18 cells were transfected with siRNA to APP or ADAM10 and western blot analysis was performed using 6E10 and ADAM10 antibodies to confirm knockdown of the respective genes. B) APP or ADAM10 were knocked down in MiaPaCa2 cells and western blot was used to confirm knockdown. The effect of ADAM10 and APP knockdown in CD18 (C) and MiaPaCa2 (D) cells was compared to batimastat treatment in a cytotoxicity assay using MTT reagent at OD450. CD18 (E) and MiaPaCa2 (F) cells were treated with 100nM recombinant sAPPα alone or in combination with 5µM batimastat for 24h and changes in cell death was analyzed with the MTT reagent at OD540. Each experiment was performed thrice and (*)(#)(**) indicates significant difference with p value less than 0.05 from an unpaired twotailed Student's t test.
FIGURE 5. ADAM10, and not ADAM17, plays a role in sAPPα-mediated pancreatic cancer cell proliferation. A) MiaPaCa2 cells were transfected with ADAM17 siRNA at different concentration starting from 20nM to 60nM and western blot of cell lysates were performed to determine extent of ADAM17 knockdown (top panel). Actin was used as loading control (bottom panel). Cell supernatant was used to detect sAPPα level using 6E10 antibody. B) MiaPaCa2 cells transfected with control siRNA, ADAM17 siRNA or ADAM10 siRNA were treated with or without 5µM batimastat for 24h and cell death was analyzed with the MTT reagent at OD540. Each experiment was performed thrice and (*)(#) indicates significant difference with p value less than 0.05 from an unpaired two-tailed Student's t test. C) sAPPα levels in ADAM10 or ADAM17 knockdown cells were detected using 6E10 antibody. D) Western blot analysis was performed to determine levels of ADAM10 (left) or ADAM17 (right) in MiaPaCa2 cells transfected with ADAM10 or ADAM17 siRNA. Actin was used as loading control.
FIGURE 6.
Effect of sAPPα inhibition on colony formation by pancreatic cancer cells. A) 5,000 CD18 cells were seeded in soft agar and treated with 1µM batimastat, 100ng/ml gemcitabine or combination of both drugs (left panel in A) to study their effect on the ability of cells to form colonies over a period of two weeks. Soft agar assay performed with CD18 cells using 5µM batimastat, 100ng/ml gemcitabine or a combination of both drug (right panel in A). Similarly, 5,000 MiaPaCa2 (B) or Panc1 (C) cells were seeded in soft agar and treated with 10µM batimastat, 100ng/ml gemcitabine or a combination of the drugs to study their effect on colony formation. Treatment with each dose was performed in triplicate and each experiment was performed thrice.
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